A hallmark of alphaherpesviruses is their capacity to be neuroinvasive and establish latent infections in neurons. After primary replication in epithelial cells at the periphery, entry into nerve endings occurs, followed by retrograde transport of nucleocapsids to the nucleus where viral transcription, genome replication, and nucleocapsid formation take place. Translocation of nucleocapsids to the cytoplasm is followed by axonal transport to infect synaptically linked neurons. Two modes of intraaxonal anterograde herpesvirus transport have been proposed: transport of complete, enveloped virions within vesicles ("married model"), and separate transport of capsids and envelopes ("subassembly model"). To assess this in detail for the alphaherpesvirus pseudorabies virus (PrV), we used high-resolution transmission electron microscopy of primary neuronal cultures from embryonic rat superior cervical ganglia after infection with wild-type and gB-deficient PrV. Our data show that intranuclear capsid maturation, nuclear egress and cytoplasmic secondary envelopment occur as in cultured nonpolarized cells (H. Most members of the subfamily Alphaherpesvirinae within the family Herpesviridae in the order Herpesvirales (8) are characterized by a pronounced neurotropism. They include the type member of the genus Simplexvirus, the human herpes simplex virus type 1 (HSV-1), as well as varicella-zoster virus, as type member of the genus Varicellovirus. After initial replication in mucosal membranes, these viruses infect sensory nerve endings and enter the peripheral nervous system by retrograde axonal transport. In sensory ganglia they replicate productively or establish latency (reviewed in reference 13). During occasional reactivation newly replicated virions are transported via fast anterograde axonal transport to the original site of infection causing recurrent herpetic lesions (reviewed in reference 11). In some cases, HSV-1 is transported to the central nervous system, causing viral encephalitis (13, 20) . Suid herpesvirus 1, also designated as pseudorabies virus (PrV), is a member of the genus Varicellovirus within the Alphaherpesvirinae. In swine, its natural host, it causes Aujeszky's disease, which, depending on the age of the pig and the virulence of the virus, can manifest itself as a severe meningoencephalitis, rapidly leading to death of the animal. Besides pigs, PrV is able to productively infect a broad spectrum of mammalian species, not including equids and higher primates, resulting in invariably fatal infections (26).
Most members of the subfamily Alphaherpesvirinae within the family Herpesviridae in the order Herpesvirales (8) are characterized by a pronounced neurotropism. They include the type member of the genus Simplexvirus, the human herpes simplex virus type 1 (HSV-1), as well as varicella-zoster virus, as type member of the genus Varicellovirus. After initial replication in mucosal membranes, these viruses infect sensory nerve endings and enter the peripheral nervous system by retrograde axonal transport. In sensory ganglia they replicate productively or establish latency (reviewed in reference 13). During occasional reactivation newly replicated virions are transported via fast anterograde axonal transport to the original site of infection causing recurrent herpetic lesions (reviewed in reference 11). In some cases, HSV-1 is transported to the central nervous system, causing viral encephalitis (13, 20) . Suid herpesvirus 1, also designated as pseudorabies virus (PrV), is a member of the genus Varicellovirus within the Alphaherpesvirinae. In swine, its natural host, it causes Aujeszky's disease, which, depending on the age of the pig and the virulence of the virus, can manifest itself as a severe meningoencephalitis, rapidly leading to death of the animal. Besides pigs, PrV is able to productively infect a broad spectrum of mammalian species, not including equids and higher primates, resulting in invariably fatal infections (26) .
HSV-1 and PrV have become models to analyze basic features of herpesvirus replication, including entry, virion formation, and egress (28) . Infection occurs primarily by pH-independent fusion of the viral envelope with the plasma membrane. In the alphaherpesviruses four glycoproteins, gB, gD, and the gH/gL-complex have been shown to be required for entry (27) . gB is essential for penetration and cell-to-cell spread and is the most highly conserved glycoprotein found in herpesviruses (27) . Virus mutants lacking gB are no longer able to enter and spread between cultured epithelial cells (33, 36) or neurons (6) and cannot propagate in the nervous system in vivo (2) . During penetration, part of the tegument dissociates from the incoming nucleocapsid which is then transported to the nuclear pore by dynein-mediated transport along microtubules (12) . After docking at the nuclear pore, the viral genome is released into the nucleus, where transcription of viral genes, as well as viral genome replication, takes place. Nucleocapsids are assembled in the nucleus and subsequently translocated into the cytosol by a mechanism that involves budding at the inner nuclear membrane, which entails acquisition of a primary envelope, and subsequent deenvelopment by fusion of the primary envelope with the outer nuclear membrane. In the cytosol final capsid maturation includes apposition of tegument and acquisition of the final envelope by budding into vesicles derived from the trans-Golgi network. These vesicles are then transported to the cell surface, the vesicle membrane fuses with the plasma membrane, and the enveloped particle is released by exocytosis (reviewed in reference 28).
Whereas most studies on herpesvirus morphogenesis and transport use nonpolarized cultured cells, herpesviruses infect and replicate in highly polarized cells in vivo. This applies in particular to the neurotropic alphaherpesviruses which, during their infection of neurons, have to travel retrogradely for long distances to the cell body for replication, and anterogradely to synapses for viral spread. Whereas viral entry, transport to the cell body, nucleocapsid formation in the nucleus, nuclear egress, and virion formation in the cell body appear to be similar to those in nonpolarized cells (22, 31) , axonal transport of virions during egress in neurons may be different (11) . It had previously been hypothesized (reviewed in reference 13) that during anterograde axonal transport (tegumented) nucleocapsids and envelope proteins are transported separately (3, 17, 30, 35, 43) and that virion formation and exit occur along the axon in varicosities (10, 37) and at synapses or terminal growth cones (34, 43) . This has been confirmed in several studies for HSV-1 (17, 21, 30, 38, 40) , whereas some of the early data have recently been reinterpreted for PrV supported also by ultrastructural analysis (1, 5, 9, 14) . Thus, for neuronal egress of PrV, enveloped viral particles are now suggested to be transported intraaxonally targeted from the assembly site in the cell body to axons by the viral envelope protein pUs9 (23) , which binds to lipid rafts (25) . The difference in cargo, i.e., nucleocapsids with only inner tegument proteins during entry, and enveloped particles in vesicles during egress could then determine the overall direction, retrograde transport during entry, and anterograde transport during egress (1) . However, in HSV-1 pUS9 appears to promote separate transport of nucleocapsids and virion glycoproteins in axons (39) . To address these issues, we set up preparative high-resolution transmission electron microscopy to visualize PrV transport in cultured primary neurons.
MATERIALS AND METHODS

Cells and viruses.
PrV strain Kaplan (PrV-Ka) (18) was used in these experiments, as was an isogenic PrV mutant, PrV-gB Ϫ , deficient in expression of the essential gB (32) . PrV-Ka was propagated on porcine kidney cells (PSEK), whereas PrV-gB Ϫ was grown on gB-complementing rabbit kidney cell line RK13-gB (32) . Cells were grown at 37°C in minimum essential medium (MEM) supplemented with 5 or 10% fetal calf serum (Invitrogen), respectively.
Neuronal cultures. Dissection and culture of primary neuronal cells were essentially performed as described previously (4) . Pregnant (E15.5) SpragueDawley rats (Charles River) were euthanized with CO 2 , and embryos were removed from the uterus. After transfer to a tissue culture dish and rinsing with Hanks balanced salt solution (Fisher Scientific) embryos were decapitated, and the mandibles were dissected by an incision ventral to the ear. Superior cervical ganglia (SCG) were located adjacent to the carotid arteries and the nodose ganglia, removed, and dissected. Dissected ganglia were plated on microscope slides coated with 500 g of poly-DL-ornithine (Sigma)/ml and 10 g of natural mouse laminin (Invitrogen)/ml. The neuronal culture medium consisted of Dulbecco modified Eagle medium with Ham F-12 (1:1) and Glutamax (Invitrogen) supplemented with 10 mg of bovine serum albumin (Sigma)/ml, 100 g of human holotransferrin (Sigma)/ml, 16 g of putrescine (Sigma)/ml, 4.6 mg of glucose (Gibco)/ml, 2 mM L-glutamine (Invitrogen), 10 g of insulin (Sigma)/ml, 50 U of penicillin and streptomycin (Gibco)/ml, 25 U of kanamycin (Gibco)/ml, 30 nM selenium (Sigma), 20 nM progesterone (Sigma), and 50 ng of nerve growth factor 2.5S (Invitrogen)/ml. The neuronal cultures were incubated at 37°C, and neuronal culture medium was replaced every 3 days.
Infection with PrV. Neurons were cultured for 5 to 7 days to allow axons to grow. For infection the viral inoculum was diluted in neuronal culture medium to infect cells with 3 ϫ 10 4 PFU. After 1 h at 37°C the inoculum was removed and replaced with neuronal medium. The dishes were subsequently further incubated at 37°C. Electron microscopy. For electron microscopy, infected neuronal cultures on coverslips were fixed 18 h postinfection for 60 min with 2.5% glutaraldehyde (Fluka) buffered in 0.1 M sodium cacodylate (300 mOsmol, pH 7.2; Plano). After several washings in buffer the cultures were postfixed with 1% buffered OsO 4 (Sigma) and stained with uranyl acetate (Plano). After stepwise dehydration in ethanol, cultures were cleared in propylene oxide (Serva), embedded in glycid ether 100 (Serva), and polymerized at 59°C for 4 days. After polymerization the coverslips were separated from the resin by plunging into liquid nitrogen, leaving the explant and axons exposed to the surface of the block. Ultrathin sections, cut in parallel to the surface, were counterstained with uranyl acetate and lead salts and examined by using a transmission electron microscope (Tecnai 12; Philips, the Netherlands). For PrV-Ka, ca. 200 thin sections from four independent experiments were analyzed, for PrV-gB Ϫ ca. 50 sections from two independent experiments. For antibody labeling a monospecific antiserum against the major capsid protein (19) and a monoclonal antibody against envelope glycoprotein gB (32) were used.
RESULTS
Ultrastructure of noninfected explanted primary rat neurons. Explanted neurons could easily be distinguished from nonneuronal cells by their distinct morphology ( Fig. 1A and B) differentiating into cell body, axons, and growth cones ( Fig. 1 ). Axons could be identified by the presence of microtubules in parallel orientation and the lack of a rough endoplasmic reticulum (44) . Not readily forming synapses in vitro, axons mostly terminate in bulbous growth cones (Fig. 1B) (11, 44) . Very rarely connections between growth cones and other cells, which morphologically resemble synapses, could be visualized (Fig. 1C, black arrows) . Cell bodies, axons and growth cones of noninfected cells contained electron-dense vesicular structures (Fig. 2) , which are associated intraaxonally with microtubules ( Fig. 2C and D, white lozenges), and may be confused with viral particles. However, due to their lack of an angular shape, as is characteristic for herpesvirus capsids, and their enclosure with only one lipid envelope they were identified as neurovesicles, and clearly differentiated from viral particles.
Ultrastructure of primary rat neurons infected with PrVKa. Primary neuronal cultures from rat superior cervical ganglia (SCG) were cultivated for 5 to 7 days and infected with 3 ϫ 10 4 PFU of wild-type PrV-Ka (18) . After 1 h adsorption at 37°C, the inoculum was removed and replaced by neuronal culture medium. After incubation for 18 h at 37°C cells were fixed, embedded in epoxy resin, and analyzed by electron microscopy. Virion morphogenesis in the cell body was similar to that observed in nonpolarized cells (15, 16) . In the nucleus, different stages of nucleocapsid assembly were detected. Nucleocapsids were present in association with the inner nuclear membrane (Fig. 3A, black arrow) , and primary enveloped virions were observed in the perinuclear cleft ( Fig. 3A and B, white arrows). Deenvelopment at the outer nuclear membrane (Fig. 3A , white arrow), intracytoplasmic nucleocapsids ( Fig.  3A and B, white triangles), as well as their secondary envelopment in the cytoplasm (Fig. 3B, stars) , was also seen, as were mature enveloped virions located in vesicles (Fig. 3, black  triangles) . Consistent with the egress in nonneuronal cells mature virions in vesicles were released by exocytosis (Fig. 3A,  inset) .
Viral particles were associated with microtubules along the axon and frequently lined-up within the plane of section (Fig.  4) . They mostly consisted of enveloped particles (Fig. 4A 5B and C, black triangles). Partially enveloped particles which were either in the process of deenvelopment or envelopment, were observed infrequently ( Fig. 4B and 5B and C, stars). As is inherent in electron microscopy, directionality could not be established from the micrographs. Rarely, but consistently, nonenveloped nucleocapsids were also observed within the axon (Fig. 5B , white triangle). They amounted to less than 10% of total viral particles. Viral particles could be differentiated from neurovesicles ( Fig. 4B and 5B, white lozenges) since the latter lack typical virion morphology. Within the growth cones, again mostly enveloped virions within vesicles were observed (Fig. 6A, black triangles; and Fig.  6B ), which were apparently released by exocytosis (Fig. 6B,  encircled) . As in the axon, nonenveloped nucleocapsids were also occasionally detected in the growth cone (Fig. 6A , white triangle), as were neurovesicles (Fig. 6A, white lozenges) and partially enveloped particles (Fig. 6A, star) . Thus, these data indicate that the overwhelming majority of viral particles, which are transported along the axon to the growth cone consist of enveloped viral particles within vesicles, similar to the situation in egress from nonpolarized cells.
Intraaxonal transport after infection with PrV-gB ؊ . To distinguish exiting virions (anterograde transport) from incoming capsids (retrograde transport), neuronal cultures were infected with phenotypically complemented PrV-gB Ϫ . After replication on gB-expressing cells, transcomplemented mutant virions are able to enter neurons and undergo a complete replication cycle. However, neither direct spread from infected to noninfected cells nor infectious entry after release of gB-negative virions is possible (33, 36) . Moreover, gB has been shown to be required also for transneuronal spread of PrV (2, 6). Thus, primary neuronal cultures from embryonic rats were infected with 3 ϫ 10 4 PFU of transcomplemented PrV-gB Ϫ for 1 h and analyzed by transmission electron microscopy 18 h after infection. Virion formation in the cell body was similar as in wildtype PrV infection (data not shown). Intraaxonally, enveloped virions within vesicles associated with microtubules were observed (Fig. 7A , black triangles), as were neurovesicles (Fig.  7A, white lozenges) , and, rarely, single nonenveloped capsids (Fig. 7A, white triangle) . Egress of virions occurred predominantly at varicosities along the axons (Fig. 7B ) and at growth cones (Fig. 7C) by exocytosis.
Immunoelectron microscopy of PrV-infected rat primary neurons. To unequivocally identify the observed structures, we analyzed ultrathin sections of Lowicryl embeddings by immunoelectron microscopy. As shown in Fig. 8 , the observed particles labeled with a monospecific antiserum against the major capsid protein confirming that they contain virus capsids ( Fig.  8A and B) . Moreover, label with a monoclonal antibody against the envelope glycoprotein gB was also observed, thereby supporting our interpretation from ultrastructure that they represent enveloped viral particles (Fig. 8C and D) .
DISCUSSION
Elucidation of the mechanisms of anterograde neuronal transport of herpesviruses is important in order to understand recurrent infections of mucous membranes or spread to the central nervous system. However, these transport processes are still controversially discussed. Two models for intraaxonal anterograde transport have been developed (7): the "subassembly model," which has initially been proposed for HSV-1 (34; reviewed in reference 11), and subsequently also for PrV (reviewed in references 7, 13, and 27) entails separate transport of viral nucleocapsids and envelopes with virion formation only occurring at varicosities along the axon (10, 30) and/or at the synapse or growth cone (30) . In contrast, in recent years the so-called "married model" has been proposed for PrV after new evidence had been obtained leading to reinterpretation of earlier data (1, 5, 7, 14, 24) . This model proposes intravesicular anterograde transport of enveloped virions similar to egress in nonpolarized cells. These divergent models were partly based on electron microscopy (5, 14, 29, 37) , partly on imaging of fluorescently labeled virus particles (1, 9, 38, 40) . To substantiate or disprove these earlier findings, we analyzed the intraaxonal transport of the alphaherpesvirus PrV in explanted embryonic rat SCG neurons by preparative high-resolution transmission and immunoelectron microscopy.
In the nucleus and cell body of infected neurons the same stages of virion formation were observed as previously described for nonpolarized, nonneuronal cells (15, 16) . Nuclear egress occurred by primary envelopment of intranuclear nucleocapsids at the inner nuclear membrane, followed by deen- velopment through fusion of the primary envelope with the outer nuclear membrane. After translocation into the cytosol, secondary envelopment was observed in abundance, resulting in the presence of enveloped virus particles within vesicles. These vesicles apparently either travel to the plasma membrane surrounding the cell body for exocytosis of the enveloped virus particles or are transported to the axon. Within the axons of PrV-infected neurons the overwhelming majority of viral particles were enveloped virions within vesicles associated with the microtubular system as would be expected for fast axonal transport which had been suggested for PrV and HSV-1 (Fig. 4 and 5) (12, 31, 35, 41 ). Although electron micrographs do not give directionality but provide "snapshots" of an ongoing movement, our interpretation that the observed particles are indeed in the process of anterograde axonal transport is supported by studies of neurons infected with a phenotypically complemented gB Ϫ PrV mutant (33, 36) . Within the growth cone enveloped virions within vesicles accumulate prior to being released by exocytosis. Exocytosis could be differentiated from endocytotic events by the lack of a clathrin coat around the vesicle membrane ( Fig. 6B and 7C ). Whether exocytosis from growth cones in vitro mimics the situation found in vivo at synapses is unclear. However, exocytosis and reentry would be congruent with the finding that fusion-promoting PrV glyco- proteins gB, gH, and gL are required for transneuronal spread (2, 6) .
In contrast, only very few nonenveloped nucleocapsids (Ͻ10% of total viral particles) were observed intraaxonally, although they were also present adjacent to microtubules. These naked nucleocapsids may also be transported anterogradely, followed by envelopment either along the axon (Fig.  5 ) or in the growth cone (Fig. 6 ), which can be observed, although less frequently. However, we cannot exclude that these nucleocapsids are actually in retrograde transport due to incomplete synchronization of the infectious process or after abortive secondary envelopment. Although infrequently, secondary envelopment (or accidental deenvelopment) stages have been observed both along axons and in growth cones ( Fig.  5 and 6 ).
To differentiate between entry and egress, compartmentalized Campenot chambers had been used (reviewed in reference 7). In a different approach, we infected neurons with a phenotypically complemented gB-negative PrV mutant. This virus is able to infect neurons due to the presence of gB provided by the transcomplementing cell, but it produces noninfectious progeny (33, 36) . Thus, only a single round of productive infection can occur. gB is also required for transneuronal spread of PrV (2, 6) , so that after the first round of replication in neuronal cells no further infection should be possible. Analysis of neurons infected by this mutant also showed an abundance of enveloped virions within vesicles (Fig.  7) , supporting our claim that they represent virus particles during anterograde transport for egress. As in wild-type virus infection, we occasionally also observed naked capsids (Fig.  7A) . Thus, the frequency of detection of enveloped virions within vesicles (abundant) and naked nucleocapsids (rare) was similar in wild-type PrV-Ka and PrV-gB Ϫ infection, demonstrating that they are not due to reentry of released infectious virions. Release by exocytosis was observed along the axon (Fig. 7B) and from the growth cone (Fig. 7C) .
Intraaxonal virus structures may be confused with neurovesicles, which both contain an electron-dense core. However, from our micrographs it is clear that the angular, icosahedral herpesvirus nucleocapsid can clearly be differentiated from the spherical electron-dense core of neurovesicles (Fig.  9) . Moreover, whereas nucleocapsids in anterograde transport are surrounded by two membranes, i.e., the virion envelope and the vesicle membrane, as are capsidless light (L) particles, neurovesicles only specify a single membrane (Fig. 9) .
Immunoelectron microscopic analyses demonstrated that the vesicles containing enveloped virions reacted with a monospecific antiserum against the major capsid protein of PrV, as well as with a monoclonal antibody against gB (Fig. 8) , thereby differentiating them from neurovesicles and supporting our assumption that the membrane around the nucleocapsids is indeed a bona fide herpesvirus envelope. Our results on PrV neuronal egress are different from those observed by others in ultrastructural analyses of HSV-1 infections (20, 30, 37) . In axons of HSV-1-infected neurons, predominantly nonenveloped capsids were observed, and enveloped particles were primarily found at varicosities and in growth cones, which represent exit sites. These data correlate with the analysis of fluorescently labeled virion structural components of HSV-1, which also indicate separate intraaxonal transport of viral envelopes and capsids (29, 38, 40) . Although somewhat difficult to accept based on the rather close genetic relationship between HSV-1 and PrV, it thus appears that intraaxonal transport of herpesviruses can be effected by different means, one entailing separate transport of the envelope and capsid components and formation of infectious virions along (varicosities) or at the end of the axon (synapses, growth cones), and the other relying on intraaxonal transport of complete virions within vesicles, as occurs in nonpolarized cells and in the cell body of neurons. It is conceivable that the mode of transport is actually determined by the efficiency of secondary envelopment in the cell body and the amount of intracytoplasmic viral assemblies or subassemblies available for translocation to the axon. A direct comparison between the different viruses which also includes viral mutants with defects in virion formation should resolve this issue.
In summary, our data support a model for anterograde axonal transport of PrV virions within vesicles which, in turn, attach to the microtubular system. Morphologically, this "cargo" cannot be differentiated from that of produced and transported virions/particles in infected nonpolarized cells and in the cell body of infected neurons. Thus, it remains to be analyzed whether there is indeed a specific sorting of these transport vesicles to the axon, presumably involving the pUS9 membrane protein (24, 25, 42) , and which structure, viral or cellular, is recognized at the vesicle membrane to effect axonal transport.
In the future we will assay neuronal infection and intraaxonal transport of other herpesviruses, in particular HSV-1, as well as PrV mutants which have been described to be deficient in anterograde transport (3, 14, 24) .
